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A PIEZOELECTRIC TRANSDUCER FOR MEASURING CARDIAC AND 


GROSS MOTOR ACTIVITY OF SMALL ORGANISMS 

By Vernon L. Rogallo, Robert 8* Jenkins , and 
Gordon J. Deboo 

Ames Research Center 


SUMMARY 


A sensitive “piezoelectric transducer has been developed for biological 
applications. The transducer system incorporates both mechanical and electri- 
cal noise rejection features. The mechanical feature is achieved by a dual 
arrangement, essentially two transducers * one of which senses the organism 
activity and noise while the second senses only the noise. Subtraction of the 
output of the individual transducers results in a cancellation of the environ- 
mental noise* The electrical noise rejection is achieved by low -noise pre- 
amplifiers with differential input to reject 60 Hz- A low-noise -RC -active 
filter is used to eliminate frequencies outside the bandwidth of interest. 

It was found that the rejection features provided sufficient discrimina- 
tion against environmental noise to allow the transducer to be used in a nor- 
mal laboratory environment. The instrument is sufficiently sensitive to 
measure heart rates in insects, reptiles , mammals , and developing chick 
embryos as young as 3 days. 


INTRODUCTION 


The use of a piezoelectric transducer to measure heart rate of avian 
embryos has been described in reference 1. The useful sensitivity of that 
instrument was limited by noise from the environment* As a consequence, sound- 
proof chambers and special mounting provisions were required in order to 
obtain data from young embryos* Also the heartbeat waveform was distorted by 
the highly resonant response of the transducer. In view of the potential of 
the transducer as a biological research tool, development to eliminate these 
limitations was continued and an instrument was produced which can obtain use- 
ful rate and waveform data from avian embryos as young as 4 to 5 days without 
requiring special control of the environmental noise. The instrument can be 
readily adapted for studies of activity of numerous types of organisms ranging 
from insects to small mammals* 

Presented herein is a complete description of the transducer including 
the arrangement for the rejection of mechanical common -mode noise, calibration 
techniques, and the instrument performance characteristics. Typical test 
results utilizing avian embryos are presented to show the application of the 
transducer as a ballistocardiograph* 


INSTRUMENT DESCRIPTION 


The Basic Instrument 


The avian-embryo heart -rate detector described In reference 1 has been 
redesigned specifically for use in a noise environment* Figure 1 is a photo* 
graph of the instrument as adapted for avian embryo studies , and figure 2 is 

a detailed isometric drawing- The 
piezoelectric elements act in the 
dual capacity of motion- sensing ele- 
ments and of springs in the spring- 
mass system- The elements support 
the weight of the mass as columns 7 
and are sensitive to motion in the 
horizontal direction- The piezoelec- 
tric columns used as springs and sens- 
ing elements are polycrystalline 
modified -lead -zirconate-titanate 
ceramic* Design information for the 
mechanical and piezoelectric elements 
of the instrument are given in 
reference 2* 



Figure i * - The b alii s to cardiograph with egg in 
basket* 


A shortcoming of the previous 
detector was its sensitivity to 
externally produced acceleration- To 
avoid this problem > a dummy trans- 
ducer and the specimen -supporting 
transducer are mounted on the same 
base and their outputs are electroni- 
cally subtracted to eliminate accel- 
eration caused by external sources. 

For good common -mode rejection It is 
important that the active and dummy 
transducers be as similar as possible ^ 
with their supported mass and their 
centers of mass and support points as 
nearly coincident as possible- This 
similarity was achieved by designing 
the dummy transducer concentrically 
around the specimen transducer ^ and 
by keeping the corresponding support- 
ing columns attached to the base In 
very close proximity to each other - 

The specimen transducer ^ designed to support an eggj moves In response to 
forces induced on the egg shell by the embryo and In response to environmental 
accelerations coupled through the air and the instrument base- If the dummy 
and specimen transducers respond equally to environmental effects^ only the 
motions Induced by egg activity will remain when the electrical outputs are 
subtracted. 
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Figure 2*- Schematic diagram of avian 
b&l 1 i s to ca rd i og rapt , 
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The instrument can be further isolated from environmental vibrations by 
the conventional procedure (i.e., by placing it on a platform supported by a 
soft spring suspension). A soft suspension having a natural frequency of the 
order of 1 Hz , both laterally and vertically, can be provided by four 
0.25 meter lengths of latex rubber tubing connected to a 1.5 kilogram platform 
•which supports the transducer. This simple suspension is very effective in 
reducing vibration transmissibility over the frequency range of interest 
pertinent to avian embryo research. 


Transducer Design 

An accurate mathematical description of the transducer performance would 
necessarily include the effects of mechanical coupling associated with support 
compliance, acoustical coupling, air -damping, etc. To avoid the spurious 
responses resulting from differences in phase and amplitude introduced by such 
effects when the transducer is used with biological specimens of different 
masses could require careful readjustment of the dummy mass and damping char- 
acteristics. By sacrificing sensitivity of the instrument, however, it is 
possible to design the piezoelectric beams so the first resonant frequency is 
sufficiently high that these spurious effects are negligible at the frequency 
regime of interest. To a first approximation, the response of the instrument 
in the regime well below resonance is given by the equation. 

F = Kx 


where 

F the response resulting from the applied force 
K the spring constant of the piezoelectric columns 

x the displacement 

Since F represents the applied force, the acceleration, a, of the mass free 
to move, M, is readily determined from 

F = Kx = Ma 

Because the output at low frequency of a column (both ends fixed) trans- 
ducer is proportional to the relative displacement of its ends, this configu- 
ration should allow a simple method of measuring the acceleration of a test 
specimen. 

It may be noted in figure 2 that each pair of piezoelectric columns is 
rigidly attached to a yoke and a base. Thus forces transmitted to the yoke or 
base cause a lateral movement of the yokes always parallel to the base, and 
the piezoelectric columns bend symmetrically about their midpoints (in "double 
cantilever bending"). (See ref. 2.) The equal and opposite curvature intro- 
duced by this bending induces opposite and canceling charges on the two longi- 
tudinal halves of the piezoelectric electrodes on each side of a column. 
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The electrodes on the columns are therefore interrupted at the column midpoint, 
and the electrode halves that pick up the same sign of potential are connected 
in parallel. 

With this arrangement, the voltage output from the piezoelectric element 
is that of half a column, and the capacitance is twice that of half a column. 
For the column used, the output voltage E 0 at low frequency is; 


„ ^ LF 

E 0 = oT Ssi 

° 8 Wt 


where 

F the total applied force 

&3i the piezoelectric constant of the column material 
L the length of the column 
t the thickness of the column 
W the width of the column 

(Units are the MKS system) 


The total force, F, is the result of specimen acceleration forces, F s , 
and of forces introduced by the environment, F e . Thus if the two transducers 
are of identical sensitivity, the difference in their outputs is given by the 
equation: 


E 0 = E s - E e = | i g3i[(F 8 + F e ) - F e ) 
o Wt 
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The mass and acceleration of concern here are the totals for the specimen 
and its holding fixture. If the biologically active element being studied is 
a small portion of a complex structure (as in the case of an embryo chick 
heart in an egg), the interpretation of the output voltage waveform may 
require detailed knowledge of the coupling between the active element and the 
rest of the system. In many applications, however, the output voltage wave- 
form can provide useful information without complex analysis. 

Although it is desired to realize the maximum possible sensitivity (i.e., 
max E c ) the criterion of the design dictates that the resonant frequency of 
the transducer must be sufficiently high so that the frequency range of inter- 
est is within the flat response of the transducer. In addition, the structural 


k 



integrity of the transducer must also be considered for the supported specimen 
mass and anticipated applied forces. Therefore the design necessitates a com- 
promise* For the subject transducer , the piezoelectric design mechanical and 
electrical parameters (i.e*, compliance , natural frequency, and voltage con- 
stant) were obtained from reference 2 . The transducer design resulted in an 
instrument having a natural frequency of 12 5 Hz for a specimen mass of 57 grams 
(average mass for chick embryo research) and a sensitivity of 0.3 mv/dyne- 


The electronics system is shown 
in block form in figure 3. The out- 
put from each transducer is amplified 
by a low-noise preamplifier having a 
gain of 10 with differential input to 
reject 60 Hz* The two resulting sig- 
nals are then processed by a differ- 
ential amplifier so that only the 
difference in magnitude is obtained* 

To compensate for differences in sen- 
sitivity of the two systems and dif- 
ferences in specimen masses, provision 
has been made to adjust the dummy signal intensity for optimum noise rejection. 
Since the signal level varies, and since the amplification of weak signals is 
desired before they are processed, the balancing and summing unit incorporates 
selective gains of I, 10, or 100. 

Past experience has indicated that most of the energy spectrum of the 
avian embryo heart beat lies below the tenth harmonic* Therefore, the plat- 
form and its surgical -cord suspension are designed to provide a limiting lower 
frequency response of 1 Hz, and the piezoelectric transducer is designed to 
provide a first resonance of approximately 125 Hz. Flat response within these 
limits is provided by the RC active band -pass filter with 3 dB pass -band 
points of 3*5 and 68 Hz* The overall effect of the mechanical response of the 
instrument and the electrical response of the filter will be discussed 
subsequently. 

Provisions for integrating the signal are included for indicating speci- 
men velocity and displacement. 



Figure 3*^ MocK diagram of the electronics 
system. 


MEASUREMENTS AM) TEST RESULTS 


Calibration 

A convenient means for applying precisely controlled calibration forces 
is available in the piezoelectric columns* Reference 2 gives a procedure 
whereby charge is applied to one of the columns which is subsequently dis- 
charged, resulting in a repeatable pulse force to the system. The response 
obtained by this technique is a pulse almost indistinguishable from that 
obtainable by an impact on the basket* A typical calibration curve is shown 
in figure 4 . The linearity and repeatability obtained by the induced- 
deflection technique were excellent 'until the signal became indiscernible from 
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the noise* These data were obtained with 
the Instrument Installed in an incubator 
as it would be in avian embryo 
b alii s to c ard lo gr aphy . 


After it was established from the 
foregoing calibration that the system was 
essentially linear, the sensitivity of the 
Instrument was determined by testing its 
response to a known force- To accomplish 
this, a technique was devised for produc- 
ing low-level quasi -static accelerations* 

A simple parallel-platform pendulum with 
four relatively long parallel strings was 
utilized- The pendulum is, by virtue of 
its suspension, constrained to keep the platform always horizontal- The 
instrument was placed in the center of the platform with its sensitive axis 
alined parallel with the lateral displacement to be Impressed by the platform. 
The platform was displaced a measured amount, then released, so that the pen- 
dulum would swing freely- The lateral acceleration is given by the expression: 


APPLIED COLUMN VOLTAGE, Ej^, V 

Figure k»- Instrument response obtained by 
induced -displacement technique* 


a = g8 0 cos u>t 

where g is the acceleration of gravity, $ Q Is the initial angle of deflec- 
tion, and to is the angular frequency- The sensitivity of the instrument was 
found to be O.3O mV/dyne* This value was in excellent agreement with values 
obtained by other calibration techniques and with values computed from 
manufacturers 1 parameters on the piezoelectric columns* 



Figure The instrument response with preampli- 
fiers; constant applied sinusoidal voltage to 
piezoelectric column of basket transducer- 


Frequency Response 

The combined frequency response of 
the mechanical sensor and the preampli- 
fier Is shown In figure 5 * For these 
data one of the columns of the specimen 
transducer was driven with a sinusoidal 
voltage of constant amplitude and vary- 
ing frequency while it was mounted on a 
rigid, massive support* Adding a band- 
pass filter with response as shown in 
figure 6 modifies the overall response 
(fig* 7 ) so that it is generally insen- 
sitive to the undesirable effects of 
mechanical resonance* The combination 
results in a relatively flat response 
from 3 to 60 Hz* It can be seen that 
the resonances of the platform suspen- 
sion and instrument are essentially 
eliminated. 
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Figure 6, - Band -pass filter response. 
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Figure 7*- The ballis to cardiograph response for 
avian embryo research, complete system, con- 
stant applied sinusoidal voltage to column of 
basket transducer* 


Effectiveness of CoMnon-iybde -Noise Rejection 

Two techniques were used to evaluate the effectiveness of the common-mode 
noise rejection feature* 

Measuring the effectiveness of mechanical common -mode -noise rejection as 
a function of frequency requires an excitation device that can produce pre- 
cisely controlled displacement at any given frequency over the operating range* 
No such device was available for handling the combination of high sensitivity 
and low load capacity of the instrument* A device was improvised which 
employed a folded -pendulum platform suspension* The platform on which the 
instrument was mounted was driven sinusoidally by a small electronically con- 
trolled shaker- The instrument output was recorded with and without the 
common -mode -noise rejection, that is, with electronic subtraction of dummy sig- 
nal from the basket, and with the basket signal only* Rejection ratios vary- 
ing from 25 to 60 dB, depending on frequency, were obtained* The variation in 
rejection was attributed to the excitation of cross -axis modes in the platform 
suspension* 

The second technique involved looking at the background noise of the 
instrument system set up as it would be in actual use, but with an inert mass 
substituted for the egg* The noise level with and without commo n -mode -noise 
rejection was recorded (not simultaneously) . As seen in figure 8, the comnon- 
mode -rejection feature lowered the overall noise level by about one order of 
magnitude* 

The most effective measure of the improvement introduced by the common - 
mode rejection feature was directly measured avian embryo heart rates* In one 
particular noisy location for instance, the instrument of reference 1 could 
obtain no heartbeat information from chick embryos younger than 12 days* In 
the same location, the new ballistocardiograph gave good waveform, as well as 
heart rate, for 6-day-old chick embryos* Similar results have been obtained 
in other areas having random noise levels* A typical example of the effi- 
ciency of the common-mode-noise rejection is shown in figure 9 for a 6-day -old 
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Figure 8*- Common-mode -noise rejection 
effectiveness; inert mass* 


Figure 9*- Common-mode -noise rejection 
effectiveness; 6-dsy quail embryo* 


quail embryo* The two traces shown here were obtained simultaneous! y by use 
of two identical electronic systems except that the dummy -signal subtraction 
was omitted in the lower trace- A clearly discernible heartbeat is seen in 
the upper trace; in contrast , none can be seen in the lower trace - 


Discussion 
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Figure 10*- Acceleration, velocity, and dis- 
placement responses of embryos of various 
ages* 


It was of interest to compare the 
ballis to cardiographs of chick embryos 
of various ages. Through the use of 
is’owv signal -conditioning equipment previ- 
f ously described , acceleration, veloc- 
i— o.i sec ity, and displacement waveforms have 

been obtained simultaneously. Typical 
results are shown in figure 10. The 
responses for any given embryo change 
within short intervals of time and are 
greatly different for embryos of dif - 
ferent ages. A group of embryos of 
the same age exhibit similar responses 
and will repeat a given pattern many 
times within relatively short periods 


of time. Some of the variability undoubtedly results from the fact that the 
embryo is free to reorient itself continuously with respect to the sensitive 
axis of the instrument. 


Although the significance of the waveforms is currently unknown because 
no attempt has been made by biological researchers to correlate the responses 
with embryo development, significant differences were often noted between nor- 
mal embryos and ones with abnormal cardiac activity to predict the probability 
of mortality. A typical example is shown in figure 11. Figure 11(a) repre- 
sents the typical acceleration pattern for an 11 -day embryo that survived and 
hatched as an apparently normal chick. Figure ll(b) shows the response of a 
second embryo of the same age that is quite abnormal. It may be noted that 
one expected beat is actually missing, and that the beat amplitude and rate 
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(b) ABNORMAL, VARIABLE RATE iZZT t m 8/M) 

Figure 11 ^- Comparison of the response of a 
normal and abnormal 11 -day embryo- 


for the ah normal embryo are considerably 
lower and vary from beat to beat. This 
embryo died an hour after these records 
were taken. 

Narrow band filtering can often be 
used when the heart rate is of prime impor- 
tance and when the normal full -frequency - 
range background noise precludes the abil- 
ity to discern it, A tunable filter of 
20 Hz bandwidth was found to be quite satis- 
factory for measuring the heart rate of 3“ 
and k -day embryos in the presence of back- 
ground noise with predominant frequencies 
from 27 to 31 K z * 


It Is emphasized that using this Instrument to measure activity of an 
organism such as an avian embryo does not harm the organism in any way. In 
research on embryo chicks* therefore * measurements can be made under con- 
trolled environmental conditions* either Intermittently or continuously 
through the incubation period from an age of 3 days until they hatch. 


The importance of minimising physical injury to the embryo is evident 
from a comparison of embryonic heart rate obtained by the conventional probe 
technique and by ballistocardiography shown in figure 12, These data were 



obtained by Mr* J. R. Cain and 
Dr. Ursula K- Abbott of the Department 
of Poultry Husbandry* University of 
California (ref* 3)* 

Figure 13 illustrates the us ef ul- 
ness of 'continuous heart rate record- 
ing, From these data* a correlation 
of the chick embryo heart rate and the 
periodic environmental temperature 
change is evident. 


Figure 12 .- Chick embryo heart rates during 
development- 



Figure 13. - Correlation of chick embryo heart 
rate with periodic environmental temperature 
changes obtained by automation* 


Although the Instrument has been 
demonstrated as an avian embryo bal- 
listocardiography it can easily be 
simply adapted for studies of other 
organisms . Currently* at the Ames 
Research Center* for example* the bio- 
rhythms and heart rates of the lizard 
are being monitored continuously for 
periods as long as 3 weeks. The 
instrument has also been used to mea- 
sure the heart rates of the cockroach* 
butterfly* snail* newt* baby chick* 
and young rat. 
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CONCLUDING REMARKS 


Tests of the piezoelectric transducer used as a ballis tocardiograph 
indicate the following: 

The output of the transducer is directly proportional to the applied 
force and hence acceleration can be readily computed. 

The frequency response can be made adequately flat over a given band 
width by the use of filters. 

The mechanical feature for rejecting common-mode noise rejection was 
demonstrated to be sufficiently effective to allow the transducer to be used 
in a normal laboratory environment. 

Since an organism Is not restrained or harmed in any way, measurements 
can be made either intermittently or continuously over relatively long periods 
of time. 

Slight modifications of the transducer allow measurement of cardiovascu- 
lar and gross motor activity of a variety of species of biological organisms. 


Ames Research Center 

National Aeronautics and Space Administration 

Moffett Field, Calif., 94035, February 28, 1968 
125 -24-02 -07 - 00-21 


REFERENCES 


1. Rogallo , Vernon L. : Measurement of the Heartbeat of Bird Embryos With a 

Micrometeorite Transducer. NASA SP-5007, 1964 . 

2. Rogallo, Vernon L. j and Neuman, Frank: A Wide-Range Piezoelectric 

Momentum Transducer for Measuring Micrometeoroid Impacts . NASA TN 
D-2938, 1965. 

3 . Cain, J. R.; Abbott, Ursula K. ; and Rogallo, V. L. : Heart Rate of the 

Developing Chick Embryo. Proc. Soc. Experimental Biology and Medicine, 
vol. 126, no. 2, Nov. 1967 , pp. 507-510. 


National Aeronautics and Space Administration 
Washington, D, C. 20546 


POSTAGE AND FEES PAID 
NATIONAL AERONAUTICS AND 
SPACE ADMINISTRATION 


OFFICIAL BUSINESS 


FIRST CLASS MAIL 


A'. > 


/ 117 


POSTMASTER: 


If Undeliverable (Section 15S 
Postal Manual ) Do Not Return 


f T . he aeronautical and space activities of the United States shall be 
conducted so as to contribute , . . to the expansion of human knowl- 
edge of phenomena in the atmosphere and space. The Administration 
shall provide for the widest practicable and appropriate dissemination 
of information concerning its activities and the results thereof.” 

— National Aeronautics and Space Act of 1958 


NASA SCIENTIFIC AND TECHNICAL PUBLICATIONS 


TECHNICAL REPORTS: Scientific and 
technical information considered important, 
complete, and a lasting contribution to existing 
knowledge. 

TECHNICAL NOTES: Information less broad 
in scope but nevertheless of importance as a 
contribution to existing knowledge. 

TECHNICAL MEMORANDUMS: 
Information receiving limited distribution 
because of preliminary data, security classifica- 
tion, or other reasons. 

CONTRACTOR REPORTS: Scientific and 
technical information generated under a NASA 
contract or grant and considered an important 
contribution to existing knowledge. 


TECHNICAL TRANSLATIONS: Information 
published in a foreign language considered 
to merit NASA distribution in English. 

SPECIAL PUBLICATIONS: Information 
derived from or of value to NASA activities. 

P u bl ica t i on s i nc lud e con f erence proceed i ngs , 
monographs, data compilations, handbooks, 
sourcebooks, and special bibliographies. 

TECHNOLOGY UTILIZATION 
PUBLICATIONS: Information on technolog} r 
used by NASA that may be of particular 
interest in commercial and other non -aerospace 
applications. Publications include Tech Briefs, 
Technology Utilization Reports and Notes, 
and Technology Surveys. 


Details on the availability of these publications may be obtained from: 

SCIENTIFIC AND TECHNICAL INFORMATION DIVISION 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

Washington, D.C 20546 


